Viruses are considered one of the driving forces for genome rearrangements via 26 infection and endogenization into the host genome (Kazazian, 2004; Maksakova et al., 27 2006). In 2010, Horie and colleagues demonstrated that a non-retroviral RNA virus, 28 Borna disease virus (BDV), could integrate into the genome in cultured somatic cells 29 (Horie et al., 2010). However, germline transmission of viral-derived sequences using 30 animal models is yet to be experimentally demonstrated. In this study, we reported a 31 case of heritable endogenization using the encephalomyocarditis virus (EMCV) and 32 laboratory mice. The EMCV is a small non-enveloped single-strand RNA virus without 33 its own reverse transcriptase activity (Carocci et al., 2012). Here, we demonstrated that 34 the EMCV genomic RNA was reverse transcribed into DNA fragments in the murine 35 testes. The DNA sequence originated from the RNA genome of EMCV was also 36 detected in the liver and earlobes of the offspring generated from the EMCV-infected 37 father. This suggests that the exogenous sequence derived from the EMCV is 38 transmitted into the host germline and inherited across subsequent generations. This 39 first experimental demonstration of viral endogenization proposes reconsideration about 40 the impact of viruses as a driving force for genome modification.
Main 46
Viruses are considered a significant threat to human society due to their high 47 degree of virulence against the health of humans and domestic animals. Moreover, 48 based on previous analyses of the retrovirus and ancestral records in the genome, 49 viruses are considered a driving force for genomic rearrangement and diversification 50 (Feschotte and Gilbert, 2012) . It is a generally accepted hypothesis that viruses can 51 integrate into the host genome, including the germline, becoming endogenous as a 52 heritable factor (Stocking and Kozak, 2008) . Some endogenous retroviral elements have 53 the potential to place a variable mutational load by modifying their host genome 54 (Kazazian, 2004; Maksakova et al., 2006) . A previous study demonstrated that the 55 Borna disease virus (BDV) integrates into the host genome using cultured mammalian 56 cells (Horie et al., 2010) . However, no study has experimentally demonstrated viral 57 endogenization into a host's germline and consequently becoming a heritable factor. 58 Here, we demonstrate heritable viral transmission in a mammal using the 59 encephalomyocarditis virus (EMCV), which is a non-enveloped single-strand RNA 60 belonging to the Picornaviridae family ( Figure 1A , Carocci et al., 2012) . The EMCV is 61 mainly a causative agent for heart failure involving myocarditis that can lead to death in 62 several mammalian species (Hubbard et al., 1992; Papaioannou et al., 2003) . Under 63 laboratory conditions, various pathologies were reported in rodents by the artificial 64 infection assay (Doi, 2011) . In this study, we used the EMCV and laboratory mice (Mus Mice testis can be cultured for over two months on agarose gel (Sato et al., 2011) . 70 To evaluate the viral infection and reverse transcription of the EMCV into the 71 mammalian germline, we performed viral infection assay using the testis culture system.
72
The EMCV strain NIID-NU1 was infected into the cultured testis extracted from the 73 inbred C57BL/6JJmsSlc strain. Subsequently, spermatogenesis and reverse transcription 74 of the viral genome were evaluated ( Figure 1B) . The EMCV is a non-retroviral RNA 75 virus without its reverse-transcriptase (Carocci et al., 2012) . Thus, if the viral-derived 76 DNA was detected in the EMCV-infected testes, it confirms that the genomic RNA was 77 reverse transcribed in the mammalian testes by the host-derived enzyme ( Figure 1C ). A 78 histological observation indicated that the EMCV-infected testes were still alive until 30 79 days-post-infection (dpi), and spermatogenesis was maintained even up to 21 dpi 80 ( Figure 1D ). The PCR amplicon corresponding to the 5'-untranslated region (5'-UTR) 81 of the EMCV was detected in viral-infected testis cell lysates by PCR without reverse 82 transcription ( Figure 1E ). This indicates that the EMCV genomic RNA can be reverse 83 transcribed by host-derived factors. However, this observation of reverse transcription 84 of the infected viral RNA has never been detected in cases of the Japanese encephalitis 85 virus (JEV) ( Figure S1 ). The host-derived reverse transcriptase might possess substrate 86 specificity. As one of the trials investigating a responsible enzyme for reverse 87 transcription of the EMCV genome into the murine genome, we focused on a 88 telomerase reverse transcriptase (TERT) as a potential candidate involved in host-89 derived reverse transcription of the EMCV infectious viral particles (Nakamura et al., 90 1997; Weinrich et al., 1997) . However, the EMCV DNA was also detected in the 91 EMCV-infected cultured testes extracted from the TERT (−/−) mice ( Figure S2 ). This 92 suggests that other host factors play a role in reverse transcriptase activity of exogenous 93 EMCV genomic RNA; however, we have yet to confirm this observation. Using an in 94 vitro assay, these results support the hypothesis that transfection of the EMCV in 95 gonadal cells integrates into the host germline, consequently becoming a viral genetic 96 determinant in the offspring. hereditability of viral-derived sequences, inbred C57BL/6JJmsSlc strain males were 102 infected with the EMCV by intraperitoneal injection (Figure 2A , see also Figure S3 ).
103
The EMCV exhibited high pathogenicity for the strain; thus, most of the injected mice 104 became decayed and dead within 3 dpi ( Figure 2B ). On the other hand, low titer (1.0 x 105 10 -1 pfu) EMCV was not shown the severe lethality, furthermore the survived males 106 were fertile. We harvested DNA samples from the testes of dead males within 24 h after 107 death. The amplicons signals for the 5'-UTR of the EMCV were obtained from the dead 108 samples ( Figure 2C ). The amplicon was also obtained from a mating plug derived from 109 the surviving male ( Figure 2D ). The plug sampling was performed at 46-50 dpi, when 110 live EMCV was undetected from secretory fluids of the infected males ( Figure S3 ). This 111 strongly suggests that the EMCV genomic RNA is reverse-transcribed in the gonad 112 including sperm, and subsequent integrations into the host genome might be occurred in 113 these cells. Then, to verify a germline transmission and heredity of the integrated 114 sequence, we obtained and analyzed the offspring mice from mating between the 115 EMCV-infected males and uninfected females. To validate the hereditability of the EMCV-derived sequence from the infected 119 parent to the next generation, we obtained F1 offspring derived from the surviving 120 males ( Figure 3A , see also Figure S3 ). Approximately one-third of the offspring were ). Understanding the precise mechanism involved in this step will require further 148 molecular-based analysis using the EMCV-infected mice and cultured cell lines.
149
Our main achievement is the verification of the endogenization of the non-150 retroviral RNA virus into the mammalian germline and its hereditability into the next 151 generation. Some offspring derived from the infected mice grew up healthy and fertile; 152 thus, the newly integrated elements would continue to reside in the genome hereafter.
153
As a pilot assay of next generation sequencing, we identified two reads consisting of a 154 part of the EMCV genome and the mouse genome ( Figure S5 ). These implications Schmidt, 1945; Gainer, 1967; Reddacliff et al., 1997; Billinis, 2009; Canelli et al., 167 2010). Our results indicate that these natural viral reservoirs not only include the risk of result of PCR to detect DNA fragment that is identical to the EMCV genome. The 327 samples were harvested from the EMCV-infected testes at 1-, 3-, 5-, 7-, 14-, and 21-dpi. 
